I. INTRODUCTION
Gold exhibits many unique properties among the coinage metals because of the strong relativistic effects.
1, 2 Nanoscale gold clusters and particles have attracted much attention since the discovery of unexpected physical and chemical properties that can be exploited for a variety of applications, ranging from catalysis, nanotechnology, nanobiology, and microelectronics, to important luminescent, photosensitive, and optical materials. 3, 4 Bare Au clusters (Au n − ) have been well studied and they show distinctive structures, interesting structural transitions, and size-dependent chemical properties. Doping gold clusters with heterogeneous atoms is expected to open up new research opportunities to enhance the stability of gold clusters and modify their physicochemical properties. Varying the dopants provides a new route to tailor the properties of nanoclusters, in addition to tuning the cluster size and shape.
The study of sulfur-doped gold clusters (Au x S y ) has received much attention, motivated in part by understanding the Au-S interactions, which are important in thiolpassivated gold nanoparticles. Sulfur has also been identified as the most suitable "clipping" atom between molecular devices and gold electrodes. [73] [74] [75] There have been a number of experimental 72, [76] [77] [78] [79] [80] and theoretical 73, 74, [80] [81] [82] [83] [84] [85] [86] investigations on the reactivity of gold clusters with sulfur. Positive and a) Electronic addresses: Huangwei6@ustc.edu.cn and Lai-Sheng_Wang@brown.edu negative Au-S cluster ions were first examined by Zheng and co-workers using laser ablation time-of-flight mass spectrometry. 79 Lineberger and co-workers reported a high resolution photoelectron spectrum of AuS − at 364 nm for the ground-state transition. 78 Zhai et al. studied monogold sulfide clusters (AuS − and AuS 2 − ) as the simplest molecular model to elucidate the Au-S chemical bonding in a combined photoelectron spectroscopy (PES) and ab initio study. 72 More recently, Ning et al. reported a joint PES and theoretical study on a series of Au-SCH 3 complexes as models for the thiolategold nanoparticle interactions. 80 A number of computational studies have focused on the structural and bonding properties of Au-S clusters using different calculation methods, such as ab initio and density functional theory (DFT). 73, 74, [80] [81] [82] [83] [84] [85] [86] The SAu 3 + and S(AuPH 3 ) 3 + species were found to closely reproduce the experimental Au-S-Au bond angles of monomeric S(AuPR 3 ) 3 + (PR 3 = PPh 3 , PPr i 3 ), when both correlation and relativistic effects were included using pseudopotential ab initio calculations by Pyykkö and co-workers. 86 Garzon and co-worker 74 studied the structures of the lowest-lying isomers of Au n S (n = 1-5) and Au n S 2 (n = 1-4) using a post Hartree-Fock second-order perturbative Møller-Plesset method (HF/MP2). Zeng and coworkers used ab initio methods to investigate the structural evolution of a family of gold-sulfide cluster anions. 81 The atomic and electronic structure of Au 5 M (M = Na, Mg, Al, Si, P, S, and Au) 85 and M@Au 6 (M = Al, Si, P, S, Cl, and Ar) clusters 82 have been investigated using DFT with the scalar relativistic effective core potential. Jiang et al. 83 structures of several large Au x S y − nanoclusters and found a unique core-in-cage structure. The interaction of a single sulfur atom with cationic gold clusters Au n + (n = 1-8) has also been studied using DFT. 84 Experimental studies on the Au x S clusters are relatively scarce 72, [76] [77] [78] [79] [80] and systematic investigations of anionic sulfurdoped gold clusters (Au x S − ) have not been reported. In the current article, we present a PES and theoretical study on the Au x S − (x = 2-5) clusters. The experimental results are used to compare with theoretical results from a variety of computational methods to probe the structures and chemical bonding in the S-doped gold clusters. Au 2 S − is found to be an asymmetric linear cluster, whereas Au 3 S − is found to be an asymmetric bent species. A symmetric bent structure is found for Au 4 S − as the global minimum with a close-lying planar 2D isomer. Au 5 S − is found to be a triangular planar cluster.
II. EXPERIMENTAL AND THEORETICAL METHODS

A. Experimental method
The experiments were carried out using a magneticbottle-type PES apparatus equipped with a laser vaporization supersonic cluster source, details of which have been described in Refs. 87 and 88. Briefly, the Au x S − (x = 2−5) clusters were produced by laser vaporization of an Au 2 S/Au mixed target (containing ∼3% S by atoms) in the presence of a helium carrier gas and analyzed by a time-of-flight mass spectrometer. The desired Au x S − (x = 2−5) clusters were mass-selected and decelerated before photodetachment by a laser beam in the interaction zone of the magneticbottle photoelectron analyzer. The PES experiments were performed at two photon energies: 266 nm (4.661 eV) from an Nd:YAG laser and 193 nm (6.424 eV) from an ArF excimer laser. Effort was made to control cluster temperatures, which has proved essential for obtaining high-quality PES data. 89, 90 Photoelectrons were collected at nearly 100% efficiency by the magnetic bottle and analyzed in a 3.5 m long electron flight tube. Time-of flight spectra were collected and converted to kinetic energy (Ek) spectra calibrated with the known spectra of Au − and Rh − . The reported electron binding energy spectra were obtained by subtracting the kinetic energy spectra from the respective photon energies. The electron kinetic energy resolution of the PES apparatus was Ek/Ek ≈ 2.5%, that is, 25 meV for 1 eV electrons.
B. Computational methods
We carried out unbiased searches for the global minimum structures of Au x S − (x = 2−5) using the basin-hopping (BH) method coupled with DFT. 19, 20, 23, 24 To generate the isomer populations in the initial BH search, the gradient-corrected Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional and the double-numerical polarized (DNP) basis set with effective core potentials (ECPs) as implemented in the DMol code were used with a medium level convergence criterion. More than 200 structures were sampled.
The isomers for each cluster were ranked according to their relative energies for further optimization at higher levels.
The 20 lowest-lying isomers in each case were further optimized at the PBE/CRENBL-ECP (hybrid functional/basis set) level of theory based on previous works. 23, 24, 91 We also examined Becke's three-parameter hybrid exchange functional with Lee, Yang, and Parr (B3LYP), the exchange functional of Tao, Perdew, Staroverov, and Scuseria (TPSS), and the PBE functional together with pseudo-potential coupling Dunning's augmented correlation-consistent aug-ccpVDZ basis set, polarized and diffuse function 6-31++G** basis set, DZP double zeta with polarization and diffuse LANL2DZdp-ECP basis set, as implemented in the NWCHEM 5.1.1 software package. 92 Single-point energy calculations were performed with inclusion of the spin-orbit (SO) effect. The simulated photoelectron spectra were obtained by fitting the computed vertical detachment energies (VDEs) with Gaussian functions of 0.04 eV width and the simulated spectra of all candidate isomers at the PBE0/CRENBL-ECP/SO level for the Au atoms and different DFT methods, such as aug-cc-pVTZ basis set, triple polarization 6-311++G(3df,3pd) basis set, the def2-TZVP orbital, and auxiliary basis set for the S atom. The computed binding energies were based on the optimized structures using the NWCHEM 5.1.1software package.
Harmonic vibrational frequencies were calculated to confirm that the lowest-energy isomers are true minima. All the calculations are spin-restricted for closed-shell molecules and spin-unrestricted for open shell species. Higher level ab initio calculations were further carried out to aid in structural assignments, including a scalar relativistic effective core potential and the Stuttgart/Dresden (SDD) basis set and aug-ccpVDZ geometry optimization at the MP2 and CCSD(T) levels of theory.
III. EXPERIMENTAL AND COMPUTATIONAL RESULTS
A. Photoelectron spectroscopy
The photoelectron spectra of Au x S − (x = 2−5) measured at 266 nm and 193 nm are shown in Fig. 1 . The 193 nm spectra (right panel) reveal more detachment transitions, whereas the 266 nm data (left panel) allow the first few PES transitions to be observed with enhanced resolution. Rich spectral features are observed for all Au x S − clusters and are labeled with letters. The X band in each case represents the ground state transition, yielding the first adiabatic (ADE) and VDE detachment energies. The 266 nm spectra can give relatively accurate first ADEs, which by definition represent the electron affinities (EAs) for the neutral clusters. Because no vibrational structures are resolved for the X band, the ADE is estimated by drawing a straight line at the leading edge of the ground state transition and then adding the instrumental resolution to the intercept with the binding energy axis. All VDEs were measured from the peak maximum of each band. The measured ADEs and VDEs for all the species are summarized in Table I 
Au 2 S
−
The 266 nm spectrum of Au 2 S − ( Fig. 1(a) ) shows at least three detachment transitions (X, A, B). The ADE of band X is estimated to be 3.45 eV, and its VDE is 3.62 eV. Vibrational fine features are resolved for the relatively broadband A ( Fig. 1(a) ), yielding a vibrational frequency of 725 ± 50 cm −1 . The appearance of band A suggests that it may contain several electronic transitions. The separation between bands X and A defines a HOMO-LUMO gap of ∼0.5 eV for neutral Au 2 S. At 193 nm ( Fig. 1(e) ), three more detachment transitions (C, D, E) are observed in the higher binding energy region.
Au 3 S
−
The Au 3 S − cluster is closed shell and is expected to yield relatively simple PES spectra. Indeed, eight relatively sharp and well-resolved bands are observed in the 193 nm spectrum of Au 3 S − ( Fig. 1(f) ). At 266 nm ( Fig. 1(b) ), three sharp bands (X, A, B) are observed. The first ADE of Au 3 S − or EA of neutral Au 3 S, determined from the X band, is 3.64 eV. The sharp X band suggests that there is no significant geometry change between the ground states of Au 3 S − and Au 3 S. 
Au 4 S
−
The spectra of Au 4 S − are much more complicated and quite different from those of Au 3 S − . At 266 nm ( Fig. 1(c) ), weak features were observed in the low binding energy side, but there is a strong signal at the high binding energy end, indicating the onset of a much more intense peak. At 193 nm ( Fig. 1(g) ), we indeed observe at least eight intense peaks beyond 4.5 eV, labeled as X, A-G. The weak features (X , A -E ) at lower binding energies are likely due to a weakly populated low-lying isomer, since their relative intensities depend on the source conditions. These features cannot be eliminated, indicating that the energy of this isomer must be very close to the global minimum. The ADE of the main isomer of Au 4 S − is estimated to be 4.51 eV from the intense X band, whereas the ADE of the low-lying isomer is estimated to be 2.89 eV from the X feature. The X and A bands define a HOMO-LUMO gap of ∼0.5 eV for the low-lying isomer of Au 4 S, suggesting it is a closed-shell neutral species. However, the spectrum of the main isomer of Au 4 S − suggests that its neutral may have a triplet ground state because there is no HOMO-LUMO gap.
Au 5 S
−
The Au 5 S − anion is also closed shell and yields wellresolved PES transitions in the lower binding energy region. At 266 nm ( Fig. 1(d) ), three sharp and well-resolved peaks (X, A, B) are observed. At 193 nm (Fig. 1(h) ), more congested spectral features are observed in the high binding energy range above 5 eV. This is expected because the high binding energy features are probably due to photodetachment from Au 5d-derived molecular orbitals. The first ADE of Au 5 S − or EA of neutral Au 5 S, determined from the X band, is 3.43 eV. Surprisingly, this is the lowest among all the Au x S − species, except that of the low-lying isomer of Au 4 S − . The sharp X band suggests that there is no significant geometry change between the ground states of Au 5 S − and Au 5 S.
B. Theoretical results
The CRENBL/SO basis set used in the current work has been shown previously to be suitable for Au atoms. 16, 57, 93, 94 Several different functionals/basis sets were used for the S atom. The top ranked low-lying structures located for Au x S − (x = 2−5) together with their relative energies and structural parameters of the corresponding isomers are depicted in Fig. 2 and Figs. S1 and S2 in the supplementary material. 95 The global minima of neutral Au x S are also shown in Fig. 2. 
Au 2 S
− and Au 2 S
All calculations using different methods indicate that the global minimum of Au 2 S
− is an asymmetric linear species with C ∞v symmetry (Fig. 2) . The bent structure with C 2v sym- metry is higher in energy by all the methods used in this study. The energies of the C 2v structure relative to the linear global minimum range from 0.61 eV to 0.98 eV at different levels of DFT calculations. The higher level ab initio methods (MP2) gave an even higher energy of 1.03 eV for the C 2v structure relative to the linear structure. At the CCSD(T) level, the bent structure is 0.74 eV higher in energy than the linear global minimum.
We employed four methods to search for the global minimum of neutral Au 2 S: the pure PBE functional, the hybrid B3LYP functional, the higher level MP2 theory, and the highest CCSD(T) level of theory. All methods predict that the global minimum is the bent C 2v structure (Fig. 2) . The C ∞v linear isomer is found to be ∼2 eV higher than the bent global minimum at the MP2 level. However, the C ∞v linear isomer is a true minimum, which is accessed in the detachment from the linear anion. The relatively high energy of the linear structure in the neutral potential energy surface explains why the VDE of Au 2 S − is so high. The highly stable bent neutral Au 2 S (C 2v ) is analogous to the C 2v H 2 S molecule, demonstrating that Au mimics H in its bonding to sulfur. The Au/H analogy has been found previously in Si-Au 49, 96, 97 and B-Au 54, 64 clusters.
Au 3 S − and Au 3 S
We found that the global minimum of Au 3 S − is an asymmetric bent structure (Au-S-Au-Au) with C s symmetry ( 1 A), while the rhombus structure with C 2v symmetry is the second isomer much higher in energy (Fig. 2) . We obtained similar results by higher levels of theory, such as MP2, MP4, CCSD, and CCSD(T) ( Table S1) . 95 We also studied the structures of neutral Au 3 S using different methods. The most stable neutral also has C s symmetry with a similar bent structure as the anion at the B3LYP level. However, at higher levels of theory (MP2 and CCSD(T)), we found that the global minimum of Au 3 S favors the C 2v planar structure (Fig. 2) , similar to that reported previously. 73 
Au 4 S − and Au 4 S
The global minimum of Au 4 S − is found to be a bent structure with C 2v symmetry (Fig. 2) , which is formed by adding a Au atom to the global minimum of Au 3 S − . The second higher isomer of Au 4 S − is a 2D planar structure with C s symmetry, which is formed by adding a Au atom to the second isomer of Au 3 S − . This isomer is 0.11 eV higher than the global minimum 1D bent structure. For neutral Au 4 S, we found it to favor the planar structure with C s symmetry (Fig. 2) . Because the photoelectron spectra of the main isomer of Au 4 S − display no HOMO-LUMO gap, suggesting its corresponding neutral ground state should be a triplet state, we calculated various spin multiplicities at the B3LYP level for the 1D and 2D isomers of neutral Au 4 S. We found that for the planar isomer (C s ), the singlet ( 1 A 1 ) is the most stable electronic state, and indeed for the bent isomer (C 2v ) of neutral Au 4 S, the triplet ( 3 A ) state is the ground electronic state, more stable than the singlet state by ∼0.64 eV, consistent with the experimental observation. 
Au 5 S
− and Au 5 S
We used several methods to calculate the low-lying structures of Au 5 S − and Au 5 S. We found that all methods give the 2D triangular structure with C 2v symmetry as the lowest energy isomer for both the neutral and anion (Fig. 2) . This structure is similar to the triangular structure of Au 6 . 13, 15, 98 The second isomer is at least 0.77 eV higher in energy.
PES spectral simulations
We simulated the PES spectra of the global minima and low-lying isomers by fitting the computed VDEs with Gaussian functions of 0.04 eV width. The simulated spectra are compared with the experimental spectra in Figs. 3-6 for 
IV. DISCUSSION
The well-resolved PES spectra of Au x S − (x = 2−5) allow a detailed comparison with theoretical simulations using different combinations of functionals/basis sets at the DFT level. Compared with the high level methods, such as CCSD, CCSD(T), or MP2/MP4, DFT methods have been more widely used, due to the less computational costs and relatively good accuracy, providing possibilities for much larger systems to be studied. 33, 99 In order to identify the appropriate functionals and basis sets to describe and characterize the Au-S systems, we tested different DFT methods to simulate PES spectra for comparison with the experimental results. We found that calculations at the B3LYP/ 6-311++G(3df,3pd)//B3LYP/6-31++G** level give reasonably consistent results in comparison to the experimental data (Figs. 3-6) .
A. Comparison of the theoretical and experimental results
Au 2 S
−
The simulated spectra of the global minimum and the second isomer of Au 2 S − are compared with the 193 nm PES spectrum in Fig. 3 . The simulated spectral pattern from the global minimum linear structure (C ∞v ) is found to agree well with the experimental data. The first calculated VDE and the VDEs corresponding to bands A and B are slightly overestimated, which is in line with previous studies. 57, 63, 94 The VDEs of the second and third detachment channels are closely spaced, consistent with the observed band A, which seems to contain multiple electronic transitions. There are more detachment transitions in the higher binding energy range, which are not well resolved in the experimental spectrum. On the other hand, the bent C 2v isomer gives rise to very low VDEs and yields a spectral pattern, which disagrees with the experimental spectrum.
Au 3 S
−
The simulated PES spectra at the B3LYP level for the global minimum 1D bent structure and the low-lying rhombus 2D planar isomer of Au 3 S − are compared with the experimental data in Fig. 4 . More simulated spectra at PBE0 levels are given in Fig. S3 . 95 The calculated first VDE of the 1D global minimum is 3.61 eV, in very good agreement with the experimental VDE of 3.72 eV. At the PBE0 levels, the calculated first VDE for the bent global minimum is also in good agreement with the experiment. On the other hand, the first VDE calculated for the 2D planar isomer at all levels of theory is much lower than the experimental VDE. However, the spectral pattern simulated from the 1D global minimum does not seem to be in good agreement with the experiment. Even though the first three bands in the simulated spectrum for the 2D planar isomer appear to be consistent with the experiment, the gap between the third and fourth detachment bands is too large in comparison with the experiment.
The relative energy of the 2D isomer is higher than the 1D global minimum by 0.65 eV at the B3LYP level, suggesting that the 2D isomer is unlikely to be populated in the cluster beam. We further carried out higher level ab initio calculations, including geometry optimizations at the MP2, MP4, CCSD, and CCSD(T) levels with the Au/aug-cc-pvdz-pp/S/6-31+G* basis set. All the higher level ab initio calculations gave similar results as the DFT methods (Table S1) . 95 Thus, we conclude that the 1D structure is the global minimum for Au 3 S − .
Au 4 S
−
The simulated PES spectra of the global minimum 1D bent structure and the low-lying 2D planar isomer for Au 4 S − are compared with the 193 nm experimental spectrum in Fig. 5 . The global minimum bent structure gives much higher VDEs and its simulated spectrum is in good agreement with the main features observed experimentally. On the other hand, the VDEs calculated for the low-lying planar isomer are much lower and its simulated spectrum agrees well with the weaker low binding energy features observed experimentally. Higher binding energy detachment features from the 2D isomer overlap with the detachment features from the main bent isomer. We also simulated the PES spectra of the two isomers at several other levels of theory (Fig. S4 ) 95 and they all agree qualitatively with the experimental data. Hence, there is no question that the 2D planar isomer was present in the cluster beam, consistent with that fact that this isomer is close in energy to the global minimum bent isomer, only 0.11 eV higher at the B3LYP level. In reality, the relative energy of the 2D isomer is likely to be even closer to the bent structure, because our cluster beam is quite cold. 
Au 5 S
−
The simulated spectrum of the global minimum planar structure for Au 5 S − at the B3LYP level is compared with the 193 nm experimental data in Fig. 6 . Both the calculated first VDE and the simulated spectral pattern are in good agreement with the experimental data. We also simulated the spectrum of Au 5 S − at several PBE levels (Fig. S5 ) 95 and they are all in good agreement with the experimental spectrum, unequivocally confirming the planar global minimum structure for Au 5 
B. Structural and chemical bonding evolution
A 1D to 2D structural transition in the Au x S − (x = 2-5) series of S doped gold clusters is observed. For x = 2-4, the 1D structures are more stable, whereas at x = 5 the 2D structure is more favored. The transition occurs at x = 4, for which the 2D planar structure becomes competitive and coexist with the 1D bent global minimum experimentally. The structural change reflects the underlying chemical bonding. The stable 1D structure is a result of the strong S-Au covalent bonds, as shown previously for AuS − and AuS 2 − . 63, 72 As the number of gold atoms increases, the Au−Au interaction becomes important and the 2D planar structures gain stability. The top few valance molecular orbitals for the global minima of Au x S − (x = 2-5) are shown in Fig. 7 . One can see the localized MOs due to S-Au bonding for the 1D clusters from x = 2-4 and the multi-center delocalized Au-Au bonding in the Au 5 S − cluster. The strong Au-S covalent bonding dominates the structures of Au x S − (x = 2-4), resulting in the 1D type structures.
The EA trend is also very interesting: the 1D clusters have much large EAs than the 2D clusters. This is shown more dramatically by the large EA difference of the two isomers of Au 4 S. The EA represents electron detachment from the HOMO of each cluster. The MO pictures shown in Fig. 7 provide a nice explanation of the EA trend between the 1D and 2D clusters. The HOMOs of the three 1D clusters are all mainly of Au 6s characters, which are highly stabilized due to the relativistic effects as also reflected in the unusually high EA of the Au atom. On the other hand, the HOMO of the 2D Au 5 S − cluster is mainly localized on the S atom, which has a lower EA than that of the Au atom. The extremely high EA of the 1D structure of Au 4 S is also due to the fact that it has an open-shell triplet ground electronic state.
V. CONCLUSIONS
In conclusion, we report an investigation of the structures and bonding of a series of sulfur-doped gold clusters, Au x S − (x = 2-5), using photoelectron spectroscopy and theoretical calculations at several levels of theory. A hybrid DFT method is found to give satisfactory results in comparison with the experimental data. Au 2 S − is found to have an asymmetric linear structure (S-Au-Au), while neutral Au 2 S possesses a bent C 2v structure similar to H 2 S. Au 3 S − has an interesting asymmetric bent structure with a Au-S-Au-Au connectivity. For Au 4 S − , both a symmetric bent structure (Au-Au-S-Au-Au) and a planar structure are found to be close in energy and coexist experimentally. Au 5 S − is found to possess a triangular planar structure. Thus, a 1D to 2D transition is observed at Au 4 S − . The 1D structures are due to the strong S-Au covalent bonding. As the number of gold atoms increases, Au-Au delocalized bonding becomes important, favoring the 2D planar structures.
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